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Primordial germ cells (PGCs) are the embryonic precursors of the adult gametes. Although restricted in developmental potency, PGCs
express many of the same molecular markers as pluripotent embryonic stem (ES) cells and can give rise to embryonal carcinoma (EC) cells,
the stem cells of testicular tumors, in vivo. Likewise, when exposed to specific growth factors in vitro PGCs can be converted into
pluripotent embryonic germ (EG) cells. Here, we propose that genes differentially expressed between PGCs and ES cells are good candidates
for regulating germline development. To identify genes important in regulating germ cell development and mammalian fertility, we
performed suppression subtraction hybridization (SSH) between PGCs and ES cells whole gene set. Using this method, we identified the
transcriptional coactivator/histone acetyltransferase CREB-binding protein (CBP) as being highly expressed in PGCs compared to ES cells.
To elucidate the function of CBP in PGCs, we generated mice with a PGC-specific deletion of CBP. Loss of CBP in PGCs leads to
increased apoptosis and subsequent reduction in PGC numbers. These data indicate an essential role for CBP in maintaining normal germ
cell development.
© 2007 Elsevier Inc. All rights reserved.Keywords: Primordial germ cell (PGC); Embryonic stem (ES) cell; Embryonic germ (EG) cell; Embryonal carcinoma (EC) cell; Germ cell; CREB-binding protein
(CBP); Apoptosis; Survival; Developmental potency; Fertility; Suppression subtraction hybridization (SSH)Introduction
Primordial germ cells (PGCs) are the embryonic precursors
of the gametes and are thus responsible for transmitting the
genome from one generation to the next. In the mouse, PGCs
can first be identified histologically by their expression of the
pluripotent cell marker tissue non-specific alkaline phosphatase
(TNAP) at 7.25 days post coitum (dpc) in the extraembryonic
mesoderm, posterior to the primitive streak (Ginsburg et al.,
1990). By 12.5 dpc, most of the PGCs have colonized the
embryonic gonad, where they continue to proliferate until they
reach a population of about 35,000 cells (McLaren, 1981).
Around 13.0 dpc, PGCs begin to lose expression of some⁎ Corresponding author. Fax: +1 949 824 6388.
E-mail address: pdonovan@uci.edu (P.J. Donovan).
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doi:10.1016/j.ydbio.2007.08.029pluripotent cell markers, such as SSEA-1, and start to
differentiate into the sex specific gonocytes (Fox et al., 1981).
Clearly, the establishment of the germline is an important and
complicated process. Defects at any stage of PGC development
can result in a reduction of germ cell numbers, likely to result in
sterility.
Although PGCs are committed to the germ cell lineage and
appear limited in developmental potency, they can be converted
into pluripotent stem cells. In vivo, PGCs that fail to
differentiate or arrest mitosis can give rise to embryonal
carcinoma cells (EC), the stem cells of testicular tumors
(Stevens, 1967). PGCs can also be converted into pluripotent
embryonic germ (EG) cells in vitro when cultured in the
presence of Kit ligand (KL), leukemia inhibitory factor (LIF)
and basic fibroblast growth factor (bFGF) (Matsui et al., 1992;
Resnick et al., 1992). Both EC and EG cells share many of the
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embryonic stem (ES) cells. Interestingly, PGCs are similar to
pluripotent stem cells in that they share the same antigenic
properties, however unlike EC and EG cells, PGCs cannot be
cultured indefinitely, do not form embryoid bodies in culture
and when injected into a host blastocyst cannot colonize either
the soma or the germline (Donovan and de Miguel, 2003).
Since PGCs have a similar expression profile as pluripotent
stem cells but differ in their developmental potential, we believe
screening for genes differentially expressed between the two
populations is a novel way of identifying genes important in
regulating germ cell development. Using the technique sup-
pressive subtraction hybridization (SSH), we found the trans-
criptional coactivator CREB-binding protein (CBP) to be
highly expressed in PGCs compared to ES cells.
CBP has been shown to interact with a wide range of
molecules including transcription factors, nuclear hormone
receptors, and architectural proteins (McManus and Hendzel,
2001). The binding of CBP to transcription factors, stimulates
target gene expression by providing a link between DNA-
binding proteins and the basal transcriptional machinery.
Besides acting as a scaffold, CBP has also been shown to
possess intrinsic histone acetyltransferase activity both in vivo
and in vitro and can acetylate both histone and non-histone
proteins (Bannister and Kouzarides, 1996; McManus and
Hendzel, 2003). Since CBP functions in a variety of different
signaling pathways, it is not surprising that altered CBP
expression results in severe developmental defects. Mice
heterozygous for CBP have a broad range of disorders including
skeletal and hematopoietic abnormalities, impaired mental
function and an increased incidence of hematologic malig-
nancies (Oike et al., 1999a,b; Tanaka et al., 1997; Kung et al.,
2000). Homozygous mutants die in utero around 9.5–10.5 dpc,
depending on the strain background (Oike et al., 1999a,b; Kung
et al., 2000). The multiple phenotypes of CBP heterozygous
mutants and the embryonic lethality of homozygous mutants
indicate that CBP plays a critical role in various biological
functions and is required for proper development.
Although the role of CBP in various developmental pro-
cesses has been studied extensively, the function of CBP in
germ cell development remains to be characterized. In this
study, we investigated the role of CBP in PGC development
using a conditional CBP knockout mouse model. We found that
a loss of CBP in PGCs results in a gradual reduction of germ cell
numbers during embryogenesis due to apoptosis.Materials and methods
Mice and genotyping
CBPfl/fl and TNAPCre/+ mice have been described previously (Kang-Decker
et al., 2004; Lomeli et al., 2000). To delete CBP in PGCs, male TNAPCre/+;
CBP+/− mice were crossed with female CBPfl/fl to generate TNAPCre/+;CBPΔG/−
offspring. The TNAPCre transgene was transmitted from themale to avoid ectopic
recombination. Embryos were collected from timed matings at 8.5–11.5 days
post coitum (dpc). The morning that the copulation plug was found was
designated as 0.5 dpc. For genotyping, genomic DNAwas isolated from tails of
adults and heads of 10.5 dpc and 11.5 dpc embryos. For 8.5 dpc embryos, DNAwas extracted from cryostat sections by scraping tissue off slide and treating with
DNA digestion buffer containing proteinase K followed by precipitation with
isopropanol. CBP alleles and the TNAPCre/+ locus were identified according to
previously described PCR genotyping protocols (Kang-Decker et al., 2004;
Kehler et al., 2004).
Generation of PGC and ES cell cDNA libraries
To obtain a pure population of PGCs, transgenic mice expressing EGFP
under the control of the germline-specific Oct4ΔPE regulatory sequences
(Szabo et al., 2002) were set up for timed matings. Genital ridges from 10.5 dpc
embryos were dissociated into a single-cell suspension by brief treatment with
trypsin–EDTA followed by gentle pipetting. PGCs were sorted based on GFP
fluorescence on a Cytomation MoFlo High-speed Sorter (Cytomation, Inc.)
directly into cell lysis buffer. Total RNAwas isolated using the Absolutely RNA
Microprep Kit (Stratagene). To eliminate DNA contamination RNAwas treated
with 45 units of DNAase I for 15 min at 37 °C. PGC cDNA for suppression
subtraction hybridization (SSH) was constructed using the Super SMART PCR
cDNA Synthesis Kit (Clontech). To determine purity, PGC cDNAwas screened
by PCR using PGC-specific and non-specific gene primers (Supplementary
Table 1).
The feeder cell-independent mouse ES cell line E14Tg2a was cultured as
described previously (Skarnes, 2000). mRNAwas isolated using FastTrack 2.0
(Invitrogen). cDNA was constructed using the PCR-Select cDNA Subtraction
Kit (Clontech) protocol.
Suppression subtraction hybridization
SSH was conducted using the PCR-Select cDNA Subtraction Kit (Clontech)
according to the manufacturer's protocol. The resulting subtracted cDNA inserts
were cloned into pGEM-T Easy vectors (Promega) and transformed into Top-10
E. coli (Invitrogen). After plating, a total of 91 colonies were picked and grown
in 100 μl LB-Amp in a 96-well plate at 37 °C for 3 h. Using 1 μl of bacterial
culture, the subtracted inserts were PCR amplified by the Advantage 2 PCR
system (Clontech). The PCR amplified inserts were denatured using 0.6 N
NaOH and spotted onto Hybond-N (Amersham) nylon membranes in duplicate.
Unsubtracted PGC or ES cell cDNA was randomly labeled with α-32P-dCTP
using Prime-It II Random Primer Labeling Kit (Stratagene). The membranes
were hybridized with the respective probes at 42 °C in Ultrahyb (Ambion)
overnight. Blots were visualized and probe hybridization quantified with a
Typhoon 9410 Phosphorimager (Amersham Biosciences). As a control, blots
were stripped and reprobed with the opposite probes. Clones that were N3.5
more expressed in PGCs than ES cells were sequenced, and these sequences
used for BLAST searches to identify the corresponding genes.
Quantitative RT–PCR
Mouse EG cells were cultured as described previously (Kerr et al., 2006).
Purified PGC, EG cell and ES cell RNA was converted into cDNA using the
High-Capacity cDNA Archive Kit (Applied Biosystems). Pre-designed CBP
and 18S rRNA Taqman probes and primer sets (Applied Biosystems) were
mixed with Taqman Universal PCRMaster Mix (Applied Biosystems) for qRT–
PCR. All reactions were done in quadruplicate on the ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems). Expression levels were
normalized to 18S rRNA.
Immunohistochemistry and histological analysis
Embryos were fixed in 4% paraformaldehyde for 4–12 h at 4 °C, washed in
PBS and placed in 5% sucrose overnight. Next, the embryos were transferred to
15% sucrose for 2–4 h then embedded in 10% gelatin and 15% sucrose at 4 °C.
Samples were snap frozen in isopentane immersed in liquid nitrogen and stored
at −80 °C. Frozen sections were cut at a thickness of 10 μm onto gelatin-coated
slides. For antibody staining, sections were washed in PBS, blocked for 1 h
in blocking buffer (10% normal goat serum, 4% BSA, 0.1% Triton X-100 in
PBS) and incubated with primary antibodies in blocking buffer overnight at
room temperature in a humidified chamber. Antibodies used were anti-SSEA-1
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1:200, anti-cleaved caspase 3 (Cell Signaling) 1:500, anti-BrdU monoclonal
(Amersham Biosciences) 1:100, anti-H2B (Upstate) 1:400, anti-H3 (Upstate)
1:400 and anti-H4 (Upstate) 1:400. Sections were washed in PBS and incubated
with the appropriate secondary antibodies (Molecular Probes) at 1:500 dilution
in blocking buffer for 1 h at room temperature.
To detect PGCs by alkaline phosphatase staining, serial sections encom-
passing the whole genital ridge were stained with Fast Red TR and α-naphthyl
phosphate (Sigma) for 30 min at room temperature. PGCs were counted in every
fifth section. To determine percentage of proliferating and apoptotic PGCs,
BrdU-positive and caspase 3-positive PGCs were counted every fifth section
with at least 3 sections counted per embryo. Images were captured using a Nikon
Eclipse E1000 connected to a Coolsnap ES digital camera (Photometrics). Germ
cell numbers and the percentage of apoptotic and BrdU-positive germ cells were
calculated and analyzed using Student's t-test.
BrdU pulse labeling
BrdU pulse labeling was done using the Cell Proliferation Kit (Amersham
Biosciences) according to the manufacturer's instructions. Briefly, pregnant
females were injected intraperitoneally with BrdU at 30 mg/kg body weight and
the embryos removed after 2 h and processed for antibody staining as described
above.Fig. 1. Identifying genes differentially expressed between PGCs and ES cells. (A) To
for the expression of PGC marker genes c-Kit, Oct-4 and Nanog and somatic cell mar
a PCR control. (C) After the completion of SSH, the subtracted PCR products were a
PGC or ES cell-derived probe. (D) To control for errors in loading and probe inten
phosphorimaging analysis, those transcripts that were N3.5 more expressed in PGCResults
Identifying genes differentially expressed between PGCs and
ES cells
In order to identify genes important in PGC development, we
conducted SSH between PGCs and pluripotent ES cells. To
create a PGC cDNA library for subtraction, genital ridges were
dissected from 10.5 dpc Oct4ΔPE:EGFP embryos, in which the
germ cells express high levels of EGFP (Szabo et al., 2002). The
tissues were dissociated and the PGCs recovered by fluores-
cence-activated cell sorting (FACS). The purity of the PGC
population was analyzed by screening the cDNA for PGC-
specific transcripts and somatic cell transcripts. The presence of
the germ cell markers c-Kit, Oct-4 and Nanog and the absence of
somatic cell markers Steel, Bmp2, Sry and Lim1 in the PGC
cDNA confirmed a pure population of PGCs had been isolated
(Fig. 1A). 10.5 dpc whole embryo cDNAwas used as a control
(Fig. 1B). Unfortunately, most pluripotent cells, including EGdetermine purity cDNA prepared from 10.5 dpc FAC-sorted PGCs was screened
ker genes Steel, Bmp2, Sry and Lim1. (B) 10.5 dpc whole embryo cDNA used as
rrayed in duplicate onto a nylon filter and hybridized with either a radiolabeled
sity, the blots were stripped and rehybridized with the opposite probes. Using
s than ES cells were sequenced.
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to support their growth. Therefore, to ensure a pure pluripotent
cell population and avoid the possibility of MEF contamination,
the feeder-independent ES cell line E14Tg2a was used to create
the ES cell cDNA library for subtraction (Skarnes, 2000).
The subtracted transcripts, from the SSH, were arrayed in
duplicate onto nylon filters and hybridized with either a
radiolabeled PGC- or ES-cell-derived probe (Fig. 1C). To
control for loading errors and probe intensity, the filters were
stripped and rehybridized with the alternate probes (Fig. 1D).
Candidate genes that were at least 3.5 times more expressed in
PGCs than ES cells were sequenced and the corresponding
genes identified by a BLAST search in GenBank (Table 1).
Interestingly, we found CBP to be highly expressed in PGCs
compared to ES cells. This finding is intriguing since CBP is
known to be a limiting factor in numerous biological pathways
and is critical in signaling pathways controlling cell survival and
proliferation.
CBP is highly expressed in PGCs
To confirm the differential expression pattern of CBP, we
performed quantitative real-time PCR. By this method CBP wasTable 1
Genes differentially expressed between PGCs and ES cells
Accession # Gene name Dot-blot
position
Fold change in
expression
BC018354 Chromobox homolog 3 E5 7.65
BC012408 Calnexin A4, E2,
J4
6.54± .33
AJ133429 Olfactory receptor 71 A1 6.39
AY057807 Cytochrome b L5 5.49
NM_011543 S-phase kinase-associated
protein 1A
B4 5.23
BC023320 PEST-containing nuclear protein C3 5.18
AK142305 RIKEN cDNA D330041F11 B1 4.89
NM_177214 Activating signal cointegrator 1
complex subunit 3-like 1
L6 4.77
BC012508 SET translocation D6, E3 4.67±1.64
BC048361 Enhancer of yellow 2 homolog J3 4.53
AK011625 HERPUD family member 2 J5 4.43
BC061469 Asparagine-linked glycosylation
11 homolog
D1 4.35
AK020121 RIKEN cDNA 6720435I21 I4 4.32
BC059256 Notch gene homolog 2 I5 4.27
NM_010905 Nuclear factor I/A C2, D2 4.12± .01
AK161065 RIKEN cDNA 4632431O07
gene
F1 4.08
BC008517 Ubiquitin-conjugating enzyme
E2H
D3, E4 3.95± .23
AK078131 RIKEN cDNA 6330549H03
gene
C1 3.82
NM_031249 Cleavage stimulation factor, 3′
pre-RNA subunit 2, tau
L7 3.75
NM_001025432 CREB binding protein K2 3.67
NM_134077 RNA binding motif protein 26 L4 3.64
BC027799 ARP2 actin-related protein 2
homolog
D6 3.51
NM_019766 Prostaglandin E synthase 3 B8 3.50
BC027269 Transcription elongation factor A
(SII)-like 8
K3 3.50found to be at least 4.5 times more expressed in PGCs than
either E14Tg2a ES cells or EG cells (Fig. 2A). Expression of
CBP in PGCs was further confirmed by immunohistochemistry
on wild-type 11.5 dpc genital ridge sections. Cells staining
positive for the PGC cell surface marker stage-specific
embryonic antigen-1 (SSEA-1) were also positive for CBP
(Figs. 2B and C). Expression of CBP was not exclusive to PGCs
as most of the surrounding somatic cells in the genital ridge also
stained positive for CBP.
Conditional deletion of CBP in PGCs
To circumvent the early embryonic lethality of conventional
CBP mouse knockouts and analyze the function of CBP in PGC
development, we used a conditional Cre recombinase/loxP gene
targeting approach. The multi-step breeding strategy that was
employed is illustrated (Fig. 3A).
TNAPCre/+;CBPΔG/− embryos, which have CBP knocked out
in the germline, were virtually the same size as the littermates at
11.5 dpc (Fig. 3B). However, since TNAP is not completely
specific to PGCs and is also expressed in the neural tube, the
deletion of CBP resulted in defects in neural tube closure (Fig.
3B, arrow), a phenotype reported previously by Oike et al.
(1999a,b) and Yao et al. (1998). This failure of the neural tube to
close most likely accounts for the absence of viable CBPΔG/−
embryos after 14.0 dpc. Despite this impediment, we were able
to study PGC development up until 11.5 dpc. For this purpose,
we removed the posterior ends of the embryos for sectioning
while the corresponding anterior portions were used for
genotyping (Fig. 3C). Immunohistochemical analysis of
CBPΔG/− 11.5 dpc genital ridge sections was performed to
determine the efficiency of Cre-mediated deletion of CBP in
PGCs. In the knockouts, the majority of PGCs lacked CBP
expression (72.1±12.6%; n=4) while no significant Cre-
mediated deletion occurred in the surrounding somatic cells
(Figs. 3D and E). We did not observe any significant reduction
in CBP protein levels by immunohistochemistry in 8.0–8.5 dpc
knockouts compared to wild-type littermates. In agreement,
crosses between TNAPCre/+ and Z/AP mice did not exhibit Cre
activity in PGCs until 9 dpc (Lomeli et al., 2000).
CBP-deficient embryos have a reduction in PGC numbers
To investigate the development of PGCs in 8.5–11.5 dpc
embryos, tissues were sectioned and stained for TNAP activity.
As expected, due to minimal Cre activity during early stages of
development, we did not observe any significant difference in
PGC numbers between wild-type and CBP-deficient littermates
at 8.5 dpc (Figs. 4A, B and G). In contrast, there was a modest
16% reduction in the number of PGCs at 10.5 dpc in the
knockouts (n=5) compared to the wild-type (n=4) littermates
(Figs. 4C, D and G). By 11.5 dpc, we observed a 26% decrease
in the number of PGCs in the genital ridges of knockouts (n=6)
compared to wild-type (n=7) embryos (Figs. 4E, F and G).
There was no significant difference seen in the number of PGCs
in heterozygous embryos compared to wild-type. No abnormal
or ectopic PGC migration was observed in the CBP-deficient
Fig. 2. Expression analysis of CBP in PGCs by qRT–PCR and immunohistochemistry. (A) CBP gene expression levels in 10.5 dpc PGCs, ES cells and EG cells by
qRT–PCR. Expression levels normalized to 18S rRNA. (B) Sagittal cryostat section of an E11.5 genital ridge immunostained for CBP (green) and the PGC marker
SSEA-1 (red). Note both PGCs and the surrounding somatic cells stain positive for CBP. (C) Shows a magnified view of CBP and SSEA-1 expression in a PGC. D,
dorsal; V, ventral. Scale bars: 100 μm for panel B; 10 μm for panel C.
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to PGCs migrating into aberrant niches. Moreover, the overall
sizes of the genital ridges were indistinguishable between CBP
knockout and wild-type embryos, indicating that differences
observed in PGC numbers were not a result of general devel-
opmental defects.
Loss of CBP results in an increase in PGC apoptosis
The gradual reduction of PGC numbers in CBP-deficient
embryos could be a result of a decrease in PGC proliferation or
an increase in PGC apoptosis. Recent evidence suggests CBP is
important in regulating cell-cycle progression. Most cells
lacking CBP proliferate poorly in culture due to impaired
anaphase-promoting complex/cyclosome (APC/C) function
(Yuan et al., 1999; Turnell et al., 2005). To determine if loss
of CBP in PGCs affects proliferation, we examined the
proliferative capacity of PGCs in 11.5 dpc mutant and wild-
type embryos using BrdU incorporation. Similar proportions of
BrdU-positive germ cells were observed in mutant (39±3.6%;
n=4) and wild-type (43±3.3%; n=4) embryos (Figs. 5A, B
and G). These findings illustrate that unlike most cell lines
in vitro, PGCs in vivo proliferate normally in the absence of
CBP. To examine if the loss of CBP affects PGC survival, we
analyzed germ cell death using cleaved caspase-3 staining
(Takeuchi et al., 2005). There was a significant increase
(Pb0.05) in apoptotic PGCs at 10.5 dpc in CBP-deficientembryos (7.8±2.5%; n=5) compared to wild-type (1.8± .78%;
n=4) (Figs. 5C, D and H). Likewise, at 11.5 dpc, the number of
PGCs undergoing apoptosis was higher in the mutants (7.0±
4.1%; n=5) compared to the wild-type embryos (1.6± .68%;
n=5) (Figs. 5E, F and H). We did not observe any differences
between the number of apoptotic somatic cells in the genital
ridges of mutant and wild-type embryos. Our data indicate that
PGCs do not require CBP to maintain normal rates of
proliferation, but without CBP the number of PGCs undergoing
apoptosis increases resulting in a gradual decrease of germ cell
numbers.
Loss of CBP does not affect histone acetylation levels in PGCs
One way CBP can regulate gene transcription is by targeted
acetylation of histones. By acetylating the core histones H2B,
H3 and H4, CBP is able to interrupt DNA–histone interactions
and permit the access and binding of protein complexes to
initiate transcription (McManus and Hendzel, 2003). To deter-
mine if loss of CBP affects global histone acetylation levels in
PGCs, we analyzed H2B, H3 and H4 acetylation levels in CBP-
deficient and wild-type littermates. Using immunohistochem-
istry, we did not observe any differences in global H2B, H3 or
H4 acetylation levels between mutant and wild-type PGCs
(Figs. 6A–F). It is possible that other histone acetyltransferases
with similar specificities are able to compensate for CBP loss.
In accordance, we found wild-type PGCs express the histone
Fig. 3. The deletion of CBP in the germline. (A) Breeding strategy to delete CBP in PGCs. TNAPCre/+ males expressing Cre recombinase in PGCs were crossed with
CBPfl/fl females (mating #1) yielding offspring containing a Δ allele in the germline (due to Cre-mediated conversion). Because this conversion only occurs in ∼72%
of PGCs, TNAPCre/+ males with a Δ allele were crossed with WT females (mating #2) resulting in normal heterozygous animals. TNAPCre/+;CBP+/− males were then
mated to CBPfl/fl females (mating #3) to generate ΔG/− embryos that are deficient for CBP in PGCs. (B) Example of WT and ΔG/− littermates at 11.5 dpc. ΔG/−
embryos exhibit impaired neural tube closure (white arrow). (C) PCR genotyping of embryos. (D) Section of an 11.5-dpcΔG/− genital ridge labeled with CBP (green)
and SSEA-1 (red) antibodies. Notice a majority of PGCs lack CBP while no significant Cre-mediated inactivation occurs in somatic cells. (E) Shows higher
magnification of CBP-deficient PGCs from panel D. Arrows indicate CBP-positive PGCs and arrowheads indicate CBP-deficient PGCs. D, dorsal; V, ventral. Scale
bars: 1 mm for panel B; 100 μm for panels D and E.
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Fig. 1).
Discussion
We set out to identify genes that were differentially expressed
between PGCs and pluripotent stem cells. The manner in
which the screen was performed enabled the identification
of genes that were expressed at significantly higher levels in
PGCs than in the stem cell population. Consequently, we ex-
pected that at least some of those genes might play an important
role in regulating germ cell development. Subsequent functional
analysis showed that loss of CBP protein in PGCs was asso-
ciated with increased apoptosis. Based on these results, we
propose that proper levels of CBP are essential for maintaining
normal numbers of PGCs during embryogenesis.
CBP is a transcriptional coactivator which has been shown to
interact with at least 312 different proteins, of which 196 areconsidered to be essential genes in mice (Kasper et al., 2006).
Thus, any alterations in the already limited quantities of intra-
cellular CBP can cause broad changes in overall gene activation,
resulting in abnormal integration of multiple signaling path-
ways and eventually PGC apoptosis. Since CBP can also
function as a histone acetyltransferase, it is also possible that
defects in chromatin remodeling contribute to PGC apoptosis.
Although we did not observe any differences in global histone
H2B, H3, or H4 acetylation levels between CBP-deficient and
wild-type PGCs by immunohistochemistry, we cannot rule out
the possibility that CBP is important in acetylating specific
lysines on the various histones.
Proper levels of CBP have been shown to be important for the
development of specific cell lineages. Conditional knockout
mice lacking CBP in B-cells have a 50% reduction in B-cell
numbers, while mice lacking CBP in T-cells have a 2-fold
reduction in the number of peripheral T-cells (Xu et al., 2006;
Kasper et al., 2006). Previous work by Rebel et al., showed that
Fig. 4. Reduction in PGC numbers when CBP is deleted from the germline. Alkaline phosphatase staining of fl/+ (A, C, and E) and ΔG/− (B, D, and F) littermates is
shown. At 8.5 dpc, no difference is seen in the number of PGCs (white arrow) between fl/+ (A) and ΔG/− (B) embryos. There are significantly fewer PGCs in ΔG/−
than fl/+ embryos at both 10.5 dpc (C and D) and 11.5 dpc (E and F). (G) Number of PGCs per section in fl/+ and ΔG/− embryos at 8.5 dpc, 10.5 dpc, and 11.5 dpc.
Sections were 10 μm and PGCs were counted every 5th section. Asterisks indicate statistical significance (Pb0.05). Sample sizes are indicated on the bars.
⁎ Represents developing hindgut; Ao, aorta; V, ventral; D, dorsal. Scale bars: 100 μm for panels A–D; 200 μm for panels E and F.
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initial formation of HSCs, but is critical for maintaining HSC
pools. In contrast, ES cells lacking CBP proliferate and survive
normally (Rebel et al., 2002). Interestingly, the deletion of
CREB, which requires CBP binding to function, results in
apoptosis in numerous cell types including: B- and T-cells,
neurons, ovarian granulosa cells, pancreatic β-cells, adipocytes,
thyroid cells, and spermatocytes (Zhang et al., 2002; Barton etal., 1996; Jaworski et al., 2003; Somers et al., 1999; Jhala et al.,
2003; Reusch and Klemm, 2002; Dworet and Meinkoth, 2006;
Scobey et al., 2001). This is in accordance with our data that
impaired CBP function sensitizes PGCs to apoptosis.
There are several possibilities as to why we observed only a
modest reduction in PGC numbers when CBP is deleted. First,
PGCs may not be completely dependent on CBP function. There
are several examples where the deletion of a gene important in
Fig. 5. Phenotypic analysis of CBP-deficient PGCs. (A, B) Sagittal sections of 11.5 dpc genital ridges stained for TNAP (red) and BrdU (green) in fl/+ (A) and ΔG/−
(B) embryos. Arrows indicate BrdU-positive PGCs. Transverse sections of 10.5 dpc (C, D) and sagittal sections of 11.5 dpc (E, F) genital ridges stained for TNAP (red)
and the apoptosis marker cleaved caspase-3 (green) in fl/+ (C and E) and ΔG/− (D and F) embryos. Arrows indicate apoptotic PGCs. Box inserts illustrate higher
magnification of apoptotic PGCs. Caspase-3 staining is nuclear while TNAP staining is mainly at the cell membrane. (G) The percentage of BrdU-positive PGCs in the
genital ridges of 11.5 dpc fl/+ and ΔG/− embryos. There is no statistically significant difference between the percentage of BrdU-positive PGCs in fl/+ and ΔG/−
embryos. (H) The percentage of apoptotic PGCs in fl/+ andΔG/− embryos at 10.5 dpc and 11.5 dpc. Asterisks indicate statistical significance (Pb0.05). Sample sizes
are indicated on the bars. Scale bars: 100 μm for panels A–F.
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Fig. 6. Loss of CBP does not affect global histone acetylation levels in PGCs. Sagittal sections of 11.5 dpc genital ridges stained for SSEA-1 (red) and acetylated
histones (green). CBP-deficient embryos have normal acetylated H2B (B), H3 (D), and H4 (F) levels compared to wild-type littermates (A, C, and E). Scale bars:
100 μm for panels A–F.
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cells. The conditional deletion of PTEN results in ∼40% of the
germ cells undergoing apoptosis and the inevitable development
of testicular teratomas (Kimura et al., 2003). Interestingly, CBP
is a coactivator of PTEN and inhibition of CBP is reported to
cause a severe reduction in PTEN expression (Vasudevan et al.,
2004). Moreover, FGFR2-IIIb, which is implicated in PGC
survival, when mutated results in ∼7% PGC apoptosis and a
reduction in germ cell numbers (Takeuchi et al., 2005). In
addition, other transcriptional cofactors may be able to partially
compensate for CBP loss. P300 is a paralog of CBP and is
known to interact with many of the same proteins (Chan and La
Thangue, 2001). Their overlapping functions are illustrated by
the fact that mice that are doubly heterozygous for CBP and p300
null alleles are embryonic lethal (Yao et al., 1998). Other
transcriptional coactivators expressed in PGCs that are not
homologous to CBP may also provide redundant functions suchas P/CAF and Gcn5. Second, we found that the recombination
efficiency of the TNAPCre transgene is about 72%. Therefore, a
higher efficiency of Cre-mediated recombination of the CBPflox
locus may result in a more drastic germ cell phenotype.
There are some evidences suggesting that CBP may be
important in early stages of PGC development. Members of the
transforming growth factor (TGF)-β superfamily, bone mor-
phogenetic protein (BMP) 4 and BMP8b are expressed in the
extraembryonic ectoderm and are essential for the formation of
PGCs in the proximal epiblast (Lawson et al., 1999; Ying et al.,
2000). The targeted disruption of BMP4 and BMP8b or the
signal mediators SMAD1 and SMAD5, which act downstream
of the BMP receptors, results in PGC loss (Hayashi et al., 2002;
Chang and Matzuk, 2001). CBP has been shown to interact with
both SMAD1 and SMAD5 to initiate transcription, suggestive
that CBP may be important in PGC formation (Pearson et al.,
1999; Pellegrini et al., 2003). Unfortunately, the TNAPCre
356 A.M. Elliott et al. / Developmental Biology 311 (2007) 347–358mouse model we used in the study did not allow us to analyze
PGCs at earlier stages of development, as we did not observe any
deletion of CBP at 8.0–8.5 dpc. The lack of Cre-mediated
deletion before 9 dpc is a limitation of the TNAPCre mouse
model for studying early PGC development (Lomeli et al., 2000;
Kehler et al., 2004).
Although we focused our attention on CBP, several of the
genes discovered in the screen are good candidates for regulating
germ cell development. We found the nuclear phosphoprotein
SET to be 5.8 times more expressed in PGCs than ES cells.
SET is a histone chaperone, which is involved in chromatin
remodeling and transcriptional regulation (Seo et al., 2001;
Gamble et al., 2005). Gene expression data in the rat show SET
to be highly expressed in the developing genital ridge and later in
adult gonads. Moreover, SET is highly expressed throughout
Xenopus oocyte development and found to activate gene
transcription at all stages of oocyte development in vitro
(Zhang et al., 2001). SET has been shown to interact functionally
with CBP both in vitro and in vivo and stimulate the trans-
activation potential of CBP (Karetsou et al., 2005).
The Enhancer of Yellow 2 Homolog (Eny2) is another
candidate gene we found to be highly expressed in PGCs
compared to ES cells. Currently, very little is known about the
function of Eny2 but data from Drosophila suggest that it
plays an important role in germline development. A mutation
in Eny2 in Drosophila results in low fertility (Georgieva et al.,
2001). Interestingly, CBP recruits the basal RNA polymerase II
transcription factor complex TFIID, which contains the
TAFII40 protein and Eny2. Male Drosophila doubly hetero-
zygous for Eny2 and TAFII40 are sterile (Georgiev, 1994).
Similarly, Drosophila female TAFII40 mutants have under-
developed ovaries and are sterile (Soldatov et al., 1999).
The ubiquitously expressed transcription factor, Nuclear
Factor I/A (Nfia), is another gene identified by our screen
which is implicated in germ cell development. In situ hybrid-
ization analysis in the mouse found high levels of Nfia mRNA
in the genital ridge (Chaudhry et al., 1997). Nfia-deficient
female mice display reduced fertility while males are com-
pletely sterile (Neves et al., 1999). CBP has been shown to
enhance the transcription of target genes by Nfia (Bachurski
et al., 2003).
Another candidate gene implicated in fertility is the
cleavage stimulation factor τCstF-64. τCstF-64 is primarily
expressed in pachytene spermatocytes, although expression
levels in PGCs have not been analyzed (Dass et al., 2001). In
humans, radiation hybrid mapping places the τCstF-64 gene at
the site of a translocation associated with male infertility (Dass
et al., 2002).
The fact that numerous candidate genes discovered in our
studies have been implicated in fertility validates our SSH
approach as a powerful method to identify genes involved in
germ cell development. Interestingly, some of the proteins
found in our screen are known to interact with CBP. This
suggests that CBP may function collectively with many of
these candidate genes to regulate transcription during germ
cell development. Microarray analysis or SSH between CBP-
deficient PGCs and wild-type PGCs could provide better cluesas to what target genes CBP regulates in the germline and how
global gene expression is altered when CBP is deleted.
The identification of genes differentially expressed between
PGCs and ES cells could also provide new candidates important
in regulating developmental potency. We believe CBP may be a
good candidate due to its roles as a transcriptional coactivator,
histone acetyltransferase and tumor suppressor. Unfortunately,
the TNAPCre conditional mouse model we used did not allow us
to study testicular tumor formation in the absence of CBP, as the
additional deletion of CBP in the neural tube resulted in the
embryos dying prematurely at approximately 14.0 dpc. A more
PGC-specific conditional knockout line is required to study the
effect of CBP on testicular tumorigenesis and developmental
potency.
In summary, we found CBP to be differentially expressed
between PGCs and ES cells. The conditional deletion of
CBP from the germline resulted in an increase in PGC
apoptosis and a modest reduction in germ cell numbers. This
suggests that the loss of CBP may result in aberrant gene
transcription in the germline and eventual apoptosis. Future
work will focus on understanding what genes CBP interacts
with in the germline and the function of CBP in the adult
gametes.
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